Shear-wave velocity is an indication of the shear strength of the ground since the velocity is related to the shear modulus. Therefore, monitoring the velocities is useful for site characterization and disaster prevention. We estimate the time-lapse change in shear-wave velocity as well as shear-wave splitting in the shallow subsurface throughout Japan by applying seismic interferometry to the data recorded with KiK-net, a strongmotion network in Japan. Each KiK-net station has two receivers; one is on the surface and the other is in a borehole. Using seismic interferometry, we extract the shear wave that propagates between these two receivers. Because KiK-net has continuously recorded strong motion seismograms since the end of 1990s, the data are available for time lapse measurements. After the Tohoku-Oki earthquake, the shear-wave velocity decreases about 5% in a region 1200 km wide and anisotropy increases more than 10%. From seasonal averages, we find the velocity and precipitation have a negative correlation.
INTRODUCTION
Seismic interferometry is a technique to obtain the wavefields that propagate between receivers [e.g., Claerbout, 1968; Lobkis and Weaver, 2001; Wapenaar et al., 2004] . Seismic interferometry has been applied to ambient noise [e.g., Draganov et al., 2009] , traffic noise [e.g., , production noise [e.g., Vasconcelos and Snieder, 2008] , and earthquake data [e.g., Sens-Schönfelder and Wegler, 2006] .
In Japan, about 700 KiK-net stations are distributed to record strong motion. KiK-net is operated by the National Research Institute for Earth Science and Disaster Prevention (NIED). Each station has a borehole, a few hundred meters deep, and two seismometers at the bottom and top of the borehole. Each seismometer has three components: one vertical component and north-south and east-west horizontal components.
By applying seismic interferometry to KiK-net data, we analyze near-surface shear-wave velocities throughout Japan. Measuring time-lapse changes of the shallow subsurface is important for civil engineering and for estimating the site response to earthquakes. KiK-net has recorded seismograms continuously since the end of 1990s, and the data are available for time-lapse measurements (Sawazaki et al., 2009; Yamada et al., 2010; Nakata and Snieder, 2012a) . Many foreshocks and aftershocks of the M W 9.0 Tohoku-Oki earthquake on March 11, 2011 (see epicenters in Figure 1 ), which are recorded by KiK-net, allow us to analyze the changes in velocity and anisotropy caused by the main shock.
Here we present the change in shear-wave velocity and shearwave splitting because of the Tohoku-Oki earthquake and heavy -March 10, 2011 and March 12, 2011 -May 26, 2011 . The anisotropy coefficient is defined as (v f ast − v slow )/v f ast (v f ast and v slow are the fast and slow velocities caused by shear-wave splitting, respectively), and its change is (AC a f ter − AC be f ore )/AC be f ore (AC be f ore and AC a f ter are the anisotropy coefficients before and after the main shock, respectively). The dashed black lines illustrate the locations of major tectonic lines (the Median Tectonic Line and the Itoigawa-Shizuoka Tectonic Line) (Ito et al., 1996) . Locations and magnitude of the earthquakes from January 1, 2011 to May 26, 2011 are shown as circles and relative to the right map. The size of each circle indicates the magnitude of each earthquake and the color represents its depth. The yellow star denotes the epicenter of the Tohoku-Oki earthquake.
rainfall. We first introduce the data analysis method. Then we present the changes in velocity and anisotropy after the Tohoku-Oki event. Finally, we show the correlation between the velocity and precipitation.
DATA ANALYSIS
Angle of incidence of earthquake data All the earthquakes used in this study are at a depth greater than 7 km, which is a large depth compared to the depth of the boreholes. The velocity in the near-surface is much slower than it is at greater depths. Since we consider events much deeper than the borehole, and because of the slow velocities at the near surface, we assume the waves propagate from the borehole to the surface receivers as plane waves in the vertical direction at each station.
To confirm this assumption, we compute the angle of incidence θ by employing the procedure proposed by Nakata and Snieder (2012a) using ray tracing. All earthquake data used have cos θ > 0.975, which means the maximum of the estimated velocity bias is 2.5%. The bias is, in practice, much smaller because of averaging over many earthquakes. This inaccuracy is even less sensitive to the analysis of shear-wave splitting because cos θ is the same for the waves in all polarization directions.
Estimating shear-wave velocities
We first apply deconvolution interferometry (deconvolving the seismogram at a surface receiver with that at a borehole receiver) to each KiK-net data in the north-south component and retrieve the shear wave propagating from the borehole seismometer to the surface seismometer at each station for each earthquake (Nakata and Snieder, 2012a) . After applying a 1-13 Hz bandpass filter for all deconvolved waves, we estimate the shear-wave velocity by seeking the arrival time of the retrieved waveform and using the known depth of the borehole. To find the travel times, we pick three adjacent samples which have the largest amplitude and interpolate using a quadratic function because the sampling interval is not small enough to estimate the changes in the travel time caused by an earthquake (Nakata and Snieder, 2012a) .
We estimate the fast and slow shear velocities caused by shearwave splitting through seismic interferometry following the method proposed by Miyazawa et al. (2008) . First, we rotate the seismograms recorded at the surface and borehole sensors in 10-degree increments in polarization. Then we deconvolve the waveforms in each polarization to obtain the wave that propagates from the borehole to the surface for all polarizations. We determine the travel times from the propagating waves and calculate the shear-wave velocities in each polarization using the depth of the borehole. Comparing the shear-wave velocities or the travel times as a function of the polarization, we find the fast and slow shear-wave polarization directions. Figure 2a shows deconvolved waveforms of earthquakes between January 1, 2011 and May 26, 2011 for KiK-net station FKSH18 in the Fukushima prefecture (200 km west-southwest from the main-shock epicenter); Figure 2b shows the epicenters of the earthquakes that occurred during the periods before and after the event. The arrival times are shown with circles in Figure 2a .
CHANGES IN VELOCITY AND ANISOTROPY CAUSED BY THE TOHOKU-OKI EARTHQUAKE
The travel time measured during the main shock of the TohokuOki earthquake (the large magenta circle in Figure 2a ) is significantly longer than that from the other earthquakes. This indicates a reduction in the shear-wave velocity of about 22% during the shaking caused by the Tohoku-Oki event. Note also the delay of the waves in the early aftershocks indicated in red in Figure 2a . The delay of the waveforms after the TohokuOki earthquake compared with the waveforms recorded before the event indicates that the shear waves propagate with a reduced shear-wave velocity after the Tohoku-Oki earthquake (Figure 2a ). discover the traveltime change during the shaking of the main event by applying short-time moving-window seismic interferometry. The reduction in velocity starts at 30 s after the origin time of the main shock and the velocity reaches the greatest reduction at 130 s after the origin time.
We average the deconvolved waves at each KiK-net station over earthquakes recorded in the time intervals before (from 1 January 2011 to 10 March 2011) and after (from 12 March 2011 to 26 May 2011) the Tohoku-Oki event and find the arrival times at all available KiK-net stations. By subtracting the velocity measured before the main event from the velocity measured after the event and applying spatial interpolation (Lawson, 1984) , we obtain the map of the change in velocity before and after the Tohoku-Oki earthquake shown in the right map of Figure 1 . Figure 3 shows the changes in velocity and anisotropy at KiKnet station FKSH12, which is in the Fukushima prefecture (220 km west-southwest from the main-shock epicenter). Earthquakes used in Figure 3 were recorded from May 1, 2010 to December 31, 2011. We compute the anisotropy coefficients, (v f ast − v slow )/v f ast (where v f ast and v slow are the fast and slow velocities, respectively), of each earthquake (the bottom panel in Figure 3 ). The top panel in Figure 3 illustrates the change in velocity. We estimate mean velocities and mean anisotropy coefficients in time periods: May 1, 2010 -March 10, 2011 , March 12, 2011 -May 26, 2011 , and May 27, 2011 -December 31, 2011 .
Based on Student's t-test [e.g., Bulmer, 1979] , the mean velocities and mean anisotropy coefficients are significantly different between each pair of periods (greater than 99.7% confidence). After the Tohoku-Oki event, the shear-wave velocity decreases and the anisotropy coefficient increases, and these changes recover with time (velocity: 770→723→743 m/s and anisotropy coefficient: 7.8→12.5→10.8%). Because the fluid condition in cracks is one major cause of anisotropy (Crampin et al., 1984) , large and intermediate earthquakes, which induce the stress change to open or close cracks (Nur and Simmons, 1969 ) and extend cracks (Atkinson, 1984) , can change the anisotropy coefficient.
As shown by the moving average of the anisotropy coefficient (the blue line in the bottom panel of Figure 3) , not only the main shock but also several large aftershocks might contribute to the change in polarization anisotropy since the anisotropy coefficient continues to increase for more than one month after the main shock. In contrast, the velocity suddenly decreases after the main shock (see the blue line in the top panel of Figure  3 ).
We compute the anisotropy coefficient for all available stations throughout Japan for January 1, 2011 -March 10, 2011 and March 12, 2011 -May 26, 2011 . To reduce uncertainty, we use only stations which have 1) more than 3 earthquake records during both time intervals, 2) travel times of interferometric waves greater than 0.1 s, 3) anisotropy coefficients greater than 1%, and 4) a standard deviation of velocity measurements smaller than 5%.
The anisotropy coefficient in most parts of northeastern Japan increases after the earthquake. To evaluate the change in the anisotropy coefficient due to the event, we define the change in anisotropy as (AC a f ter − AC be f ore )/AC be f ore , where AC be f ore and AC a f ter are the anisotropy coefficients before and after the main shock, respectively. The change in the anisotropy coefficient is shown in the left map in Figure 1 . Nakata and Snieder (2012b) compare the change in the anisotropy coefficient with the change in shear-wave velocity and the change in the largest principle stress direction. On the west side of the Median Tectonic Line and the ItoigawaShizuoka Tectonic Line (the black dashed lines in Figure 1) , the shear-wave velocity increases and the anisotropy coefficient decreases after the main shock. We speculate that the changes could be explained by increase in the compressional stress because Kern (1978) showed with rock-physics experiments that as the confining pressure increases, velocity increases and anisotropy decreases. We cannot, however, directly measure the compressional stress in this study, so that we cannot validate this hypothesis.
CHANGES IN VELOCITY CAUSED BY HEAVY RAIN-FALL
We compute the monthly-averaged shear-wave velocities of the north-south polarization to investigate a possible seasonal velocity variation related to precipitation. We use only the data in the southern half of Japan because that region has a more pronounced seasonal precipitation cycle than the northern half of Japan. We calculate the mean velocities over the stations with the 15% slowest shear-wave velocities in the area since these stations are located at soft-rock sites and are therefore influenced more by precipitation than the station at hard-rock sites. In Figure 4a illustrates a significant velocity difference between spring/summer and fall/winter.
We compare the monthly-averaged velocities with the monthly average of precipitation (observed by the Japan Meteorological Agency (JMA)) computed from precipitation records over 30 years (Figure 4b) . Note that the shear-wave velocity and precipitation have a negative correlation (i.e., when it rains, the velocity decreases), which is consistent with the findings of Sens-Schönfelder and Wegler (2006) . Nakata and Snieder (2012a) shows the variation in velocities by using the stations with the 85% fastest shear-wave velocities in the area, and the shear-wave velocity does not vary with precipitation. The cause of the velocity reduction is the decreased effective stress of the soil due to the infiltration of water that increases the pore pressure [Das, 1993, Section 4.19; Chapman and Godin, 2001; Snieder and van den Beukel, 2004] . We assume that for soft-rock sites most of the velocity change is caused by the effective stress change because Snieder and van den Beukel (2004) show that the relative density change with pore pressure is much smaller than the relative change in the shear modulus.
CONCLUSION
We obtain near-surface shear-wave velocities throughout Japan and time-lapse changes caused by the Tohoku-Oki earthquake and heavy rainfall by applying seismic interferometry to KiKnet data. The Tohoku-Oki event decreased the shear-wave velocity about 5% throughout northeastern Japan. The precipitation and the velocity have negative correlation in soft-rock sites. We also analyze the shear-wave splitting while using two horizontal records and the Tohoku-Oki earthquake increased the polarization anisotropy in northeastern Japan. The changes in velocity and anisotropy caused by the earthquake recovers with time.
